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ABSTRACT 

S a t e l l i t e  Relay I has performed a thorough mapping of 

t h e  energy spectrum and s p a t i a l  d i s t r i b u t i o n  of  protons i n  t h e  

inner  zone. New i n t e n s i t y  maps a re  presented i n  t h i s  paper f o r  

s i x  energy ranges between 1.1 and 63 MeV as o f  January 1, 1963. 

With these  s ix  d i s t r i b u t i o n s  and previous ly  published i n t e n s i t i e s  

i n  two more ranges one can construct accurate  energy spec t r a  a t  

a r b i t r a r i l y  se l ec t ed  loca t ions  throughout most of t h e  inner  

zone. 

t he  equator, and va r i e s  along a l i n e  of fo rce  near t h e  equator 

I n  any energy range the  m a x i m u m  i n t e n s i t y  i s  found a t  

as the  t h i r d  or fou r th  power of 1/B. 

energy than low energy protons, and they  a re  found c lose r  t o  

t h e  ea r th .  Sample i n t e n s i t i e s  a r e  j ,  = 3.7 x 10 ern 

There a r e  fewer high 

6 -2 

-I sec 

and j, = 1.6 x 10 cm sec s t e r - l  from 18.2 t o  25 MeV at  

ster- '  from 1.1 t o  1 4  MeV a t  L = 2.2 on the  equator 

4 -2 -1 

L = 1.6 on t h e  equator.  Comparison of Relay I da ta  with other  

experiments are  favorable and demonstrate t he  value of a 

comprehensive treatment.  Neutron albedo sources, both cosmic 

r a y  and so la r  proton sources, are weaker than required by as 
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much as th ree  orders  of magnitude a t  1 MeV. Adiabatic breakdown 

theo r i e s  a r e  i n  disagreement with the  s p a t i a l  dependence of t he  

energy spectrum and cannot be con t ro l l i ng  f a c t o r s .  

and d i f fus ion  of solar wind p a r t i c l e s  i s  a poss ib l e  source, bu t  

I n j e c t i o n  

more t h e o r e t i c a l  work i s  needed t o  c l a r i f y  the  expected r e s u l t s .  
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I INTRODUCTION 

The inner  zone of t h e  Van Allen r ad ia t ion  b e l t  i s  typ i f i ed  

by s t a b i l i t y  of  t he  s p a t i a l  d i s t r ibu t ion  and energy spectrum of 

the  trapped r ad ia t ion  f lux .  

generated magnetic f i e l d  g rea t ly  exceeds t h e  ex te rna l ly  generated 

f i e l d s  produced by t h e  r i n g  current ,  hydromagnetic waves, or t he  

s o l a r  wind in t e r f ace .  With the s t a b l e  f i e l d  dominating, we can 

expect preserva t ion  of t h e  invar ian ts  of  motion and long p a r t i c l e  

l i f e t imes .  

I n  t h i s  region the  e a r t h ' s  i n t e r n a l l y  

The time s t a b i l i t y  of the r ad ia t ion  i n  t h i s  region permits  

a s ingle  s a t e l l i t e  t o  obtain a complete survey of t h e  s p a t i a l  

d i s t r i b u t i o n  before the  d i s t r ibu t ion  changes importantly.  A 

complete survey a t  very high a l t i t u d e s  would requi re  a v e r i t a b l e  

sea  of s a t e l l i t e s ,  measuring and te lemeter ing t h e i r  information 

simultaneously. When the  d i s t r ibu t ion  changes slowly with time, 

i f  it changes continuously, t h e  change seen by each counter can 

be measured throughout space, and the  i n t e n s i t y  everywhere 

in te rpola ted  t o  some s ingle  time. Thus a complete map can be 

accumulated during a s t ab le  or slowly changing epoch, present ing 

the  steady s t a t e  d i s t r i b u t i o n  of each family of p a r t i c l e s  

counted. 
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These s p a t i a l  cross-sections are c l e a r l y  important i n  

e f f o r t s  t o  f i n d  the  sources, sinks, and t r a n s p o r t  mechanisms 

governing t h e  p a r t i c l e s .  I n  the s p e c i a l  case where the re  i s  no 

t i m e  change i n  the  data,  t h e  d i s t r i b u t i o n  r ep resen t s  t h e  equilibrium 

state;  i .e . ,  t h e  so lu t ion  of the t r anspor t  equation wi th  a l l  

s p a t i a l  de r iva t ives  with respect t o  t i m e  s e t  t o  zero.  I n  t h e  

more general  case the  da t a  represent t he  instantaneous energy 

and s p a t i a l  d i s t r i b u t i o n ,  o r  the so lu t ion  of t h e  t r a n s p o r t  

equation f o r  some i n s t a n t  of t i m e .  One of t h e  accomplishments 

of a completely successful  theory would be t o  p r e d i c t  t h i s  dis- 

t r i b u t i o n .  More p r a c t i c a l l y ,  since no theory  has met t h i s  tes t ,  

t h e  experimentally determined energy spectrums and s p a t i a l  

de r iva t ives  should provide t h e  main terms of any equations 

formulated f o r  t h i s  purpose. 

Maps of t h e  steady-state r a d i a t i o n  fluxes a r e  a l s o  of 

importance t o  engineers and s c i e n t i s t s  who need t o  know t h e  

r a d i a t i o n  environment encountered by s a t e l l i t e s  and space- 

probes t r ave r s ing  t h i s  region. For instance,  t h e  f e a s i b i l i t y  

of many s a t e l l i t e  systems depends upon t h e i r  a b i l i t y  t o  survive 

the  r ad ia t ion  encountered i n  o r b i t .  

e t  a l . ,  19641 t h a t  t h e  dosage received by  a s a t e l l i t e  i s  e n t i r e l y  

It has been shown [McIlmin 
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d i f f e r e n t  f o r  d i f f e r e n t  types and energies  of p a r t i c l e s  and i s  

highly dependent upon the  s a t e l l i t e  o r b i t .  Also it has been 

shown [Brown e t  a l . ,  1963; McIlwain e t  al . ,  19641 t h a t  t h e  

degradation of solar c e l l  power suppl ies  and the  e f f e c t s  observed 

by damage experiments are  s a t i s f a c t o r i l y  accounted f o r  by t h e  

dosage on the  s a t e l l i t e .  The use of r ad ia t ion  flux maps w i l l  

permit optimum design of s a t e l l i t e s  i n  a r b i t r a r y  o r b i t s .  

Orbi t ing s c i e n t i f i c  experiments a l s o  must cope w i t h  t h e  

r ad ia t ion  environment, a s  it can produce undesired background 

e f f e c t s .  Peterson [19651 has shown how d i f f i c u l t  it i s  t o  

avoid such background. 

on OSO-1  included a Na I c r y s t a l  surrounded by an anticoincidence 

H i s  low-energy gamma-ray experiment 

sh i e ld  t o  e l iminate  charged p a r t i c l e  events .  Although he d i d  not 

count charged p a r t i c l e s  d i r ec t ly ,  he r epor t s  t h a t  neutrons were 

produced by t h e  trapped protons bombarding the  s a t e l l i t e  mater ia l s ,  

and some of these  neutrons were captured by i n  t h e  c r y s t a l  t o  

form 1128, a rad ioac t ive  species whose decays were observed follow- 

ing each pass  through the  inner zone. This e f f e c t  i s  reminiscent 

of t he  "afterglow" seen by Vernov and Chudakov a f t e r  each pass  of 

t h e i r  Sputnik I11 s c i n t i l l a t o r  through t h e  inner  zone [Vernov and 

Chudakov, 19601. The remarkable f ea tu re  o f  the  OSO-1 e f f e c t  
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i s  t h a t  t h e  trapped r a d i a t i o n  was a n t i c i p a t e d  and t h e  de t ec to r  

designed so t h a t  a l l  primary events were eliminated. 

t h e  unwanted background was  produced by a two-step process, 

i l l u s t r a t i n g  a d i f f i c u l t y  t h a t  w i l l  be encountered by any low 

l e v e l  counting system subjected t o  t h e  trapped r ad ia t ion .  

Nevertheless, 

Knowledge of t h e  s teady s t a t e  d i s t r i b u t i o n  a l s o  enables 

one t o  monitor important changes i n  t i m e .  

observed a l a r g e  impulsive change i n  t h e  d i s t r i b u t i o n  of protons 

> 35 MeV which occurred during the  major geomagnetic storm of 

September 1963. 

months before  and af ter  the  s torm,  underwent a l a r g e  change 

during a per iod of hours. Besides demonstrating t h e  c l ea rcu t  

connection with geomagnetic a c t i v i t y ,  t h i s  event allowed t h e  

complete recording of t he  d i s t r i b u t i o n  "before" and f faf ter t f  

--thus, a complete desc r ip t ion  of t h e  change. Monitoring t h e  

slower, longer-period behavior as w e l l  w i l l  help t o  i d e n t i f y  

t h e  causes of t he  r ed i s t r ibu t ion  of geomagnetically trapped 

p a r t i c l e s .  

McIlwain 119641 

The s p a t i a l  d i s t r i b u t i o n ,  which was  constant f o r  
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11. PmSENTATION OF THE DATA 

1. Instrumentat ion 

This paper concentrates on two of t he  four S t a t e  Univers i ty  

o f  Iowa-University of Cal i fornia  San Diego instruments on Relay I. 

Using pu l se  height discrimination, t hese  de t ec to r s  generate s ix  

energy bands of data on t h e  trapped proton f luxes.  

summarizes t h e i r  c h a r a c t e r i s t i c s  and Table I1 l i s t s  t h e  nominal 

o r b i t a l  parameters of Relay I. Previous r epor t s  have described 

t h e  design and c a l i b r a t i o n  o f  those instruments q u i t e  thoroughly 

[ F i l l i u s ,  1963; F i l l i u s  and McIlwain, 1962; McIlwain e t  a l . ,  19641. 

These references can be consulted f o r  a more d e t a i l e d  review o f  

t h e  instrumentation. 

Table I 

The s a t e l l i t e  data system i s  q u i t e  re l iable .  The output of 

each detector  i s  d i g i t a l ,  w i t h  d i g i t a l  te lemetry and data handling. 

The discr iminators  and s c a l e r s  a r e  l i n e a r  f o r  t h e  counting rates 

experienced by these de t ec to r s  and a redundant readout i n  t h e  

te lemetry frame guards against  transmission e r r o r s .  

The major source of instrumental  e r r o r  i s  the  temperature 

dependence of the  discrimination l e v e l s ,  which change by 20% i n  

t h e  operating temperature range of -5 t o  + 30 "C. For t h e  
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s t eepes t  energy spectrum encountered, d i f f e r e n t  temperatures can 

cause up t o  a 50% change i n  the  counting r a t e .  A cor rec t ion  has 

been appl ied t o  t h e  d a t a  presented here,  using the  temperature 

coe f f i c i en t s  determined i n  the  labora tory  and t h e  temperatures 

recorded i n  f l i g h t .  For the  spectrum observed by the  s h i f t e d  

discr iminat ion l e v e l s ,  an in te rpola t ion  or ext rapola t ion  i s  made 

t o  the  ca l ib ra t ed  l e v e l s  t o  determine the  counting r a t e  t h a t  

would have been observed i n  the quoted energy range. The 

mathematical form of t h i s  cor rec t ion  i s  given i n  t h e  Appendix, 

and an example i s  shown i n  Figure 1, frames 1, 2, and 4. The 

energy spectrum i s  very s teep  i n  t h i s  example and the  change i s  

subs t an t i a l ,  although, it appears, s l i g h t l y  undercorrected.  

Rarely does the  temperature cor rec t ion  t o  the  B de tec tor  da t a  

amount t o  more than  4$, and genera l ly  it i s  l e s s  than  20%. 

That t o  the  C de tec tor  da t a  i s  r a r e l y  more than  30% and 

genera l ly  l e s s  than 15%. 

cor rec t ion  i s  t o  reduce the  s c a t t e r  i n  the  da t a  po in t s .  It may 

be noted t h a t  prev ious ly  published d a t a  [McIlwain e t  a l . ,  1964; 

F i l l i u s  and McIlwain, 19641 does not include the  temperature 

cor rec t ion  t o  the  de tec tor  C da ta .  

The main e f f e c t  of t h e  temperature 
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A more ser ious  change occurred i n  t he  de t ec to r  B da t a  and 

i s  a t t r i b u t a b l e  t o  r ad ia t ion  incurred ga in  loss .  From l abora to ry  

experience one expects t h a t  a semiconductor de tec tor  w i l l  

d e t e r i o r a t e  a f t e r  receiving a high dose of r ad ia t ion  [ Dearnally, 

19631 . Decreased reso lu t ion ,  increased r e s i s t i v i t y ,  and, 

eventual ly ,  decreased gain a re  t h e  e f f e c t s  t o  be expected. 

Because r e so lu t ion  i s  not c r i t i c a l  t o  t he  Relay three-channel 

spectrometer, t h e  f i r s t  e f f e c t  w a s  not evident .  

Increased r e s i s t i v i t y  manifested i t s e l f  a f t e r  a few months 

i n  the  form of a higher counting r a t e  i n  a background channel. 

The discr iminat ion l e v e l  f o r  t h i s  channel had been s e t  above t h e  

maximum energy lo s s  f o r  protons en ter ing  the  aperture ,  s o  

t h a t  t h e  channel would count only background p a r t i c l e s  coming 

from the  s ide .  However, a s  the depth of t h e  s e n s i t i v e  volume 

i s  propor t iona l  t o  the square root  of t he  r e s i s t i v i t y  and t h e  

maximum energy l o s s  i s  proport ional  t o  t h e  depth, more and more 

foreground p a r t i c l e s  were ab le  t o  t r i g g e r  t h i s  d i scr imina tor .  

This e f f e c t  i s  unimportant t o  our r e s u l t s ,  a s  t h e  background 

channel w a s  only a performance check f o r  the  de tec tor ,  and the  

da ta  from the  o ther  channels a re  pro jec ted  t o  January 1, 

before the  change became subs tan t ia l .  
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The gain s t a r t e d  t o  decrease a f t e r  100 days i n  o r b i t ,  

12 when the  in t eg ra t ed  dose on the de t ec to r  had reached about 10  

par t ic les /cm . 
from 1 t o  1/2, t h e  counting rate dropping by as much as a f a c t o r  

of 10, and a f t e r  May 10 t h e  counting r a t e  continued t o  drop, ex- 

h i b i t i n g  occasional bursts of noise, u n t i l  t h e  de t ec to r  stopped 

counting i n  June. Previouslypubl ished analyses of de t ec to r  B 

data have included only d a t a  taken before  t h e  change i n  Apri l .  

However, because of a s a t e l l i t e  power supply fa i lure ,  t h e  data 

coverage i n  t h i s  per iod was poor, good coverage not being obtained 

u n t i l  April .  Consequently the  previous analyses had t o  be done 

by hand i n  order t o  g e t  t h e  m o s t  out  of t h e  somewhat sketchy 

da ta .  

2 
Between Apr i l  10 and May 10, 1963 t h e  ga in  decreased 

For t h e  present  r e p o r t  data taken between Apr i l  10 and 

May 10 have been recovered by a correct ion,  similar t o  t h e  

temperature correction, bu t  using an empir ical ly  derived curve 

of gain vs time. I l l u s t r a t e d  i n  Figure 1, frames 2, 3,  and 5, 

t he  co r rec t ion  increases  from no change t o  a f a c t o r  of t e n  

change a t  t h e  highest .  With the augmented data the  coverage i s  

more complete, and data analysis can be done by computer. The 

j u s t i f i c a t i o n  of t h e  radiation-damage co r rec t ion  l i e s  i n  t h e  



curve of gain vs time. F i r s t  of all it i s  d i s t i n c t l y  more probable 

t h a t  the  lo s s  of counts i n  detector  B was due t o  t h i s  pred ic tab le  

e f f e c t  of rad ia t ion  damage than t h a t  it w a s  due t o  the  complete 

disappearance of l o w  energy protons from the  inner b e l t .  Further-  

more, the  time s t a b i l i t y  of these p a r t i c l e s  has been confirmed 

by a l l  of the  comparisons i n  chapter I11 of t h i s  paper, by  an 

i d e n t i c a l  de tec tor  on Relay 11, and by t h e  d a t a  received from 

Relay I up t o  the  per iod i n  question. 

parameter, de tec tor  gain, was s u f f i c i e n t  t o  r e s t o r e  the da ta  i n  

question t o  values t h a t  agree with the  previous d i s t r ibu t ion ,  

and the  r e s t o r a t i o n  was successful over a l l  space f o r  t h ree  

separate  energy ranges. For these reasons the  radiation-damage 

correct ion i s  f e l t  t o  be well-founded, and the  new d i s t r i b u t i o n s  

The a l t e r a t i o n  of a s ing le  

a re  considered the  most accurate obtainable .  

2.  Data Reduction 

The complex da ta  analysis program used f o r  t h i s  survey was 

developed by McIlwain [I9631 fo r  Explorer XV data. 

w i l l  be reviewed here as it has been applied t o  Relay I. 

The method 

The raw s a t e l l i t e  da ta  cons i s t s  of counting r a t e s  f o r  the  

severa l  de tec tors  versus time. The p o s i t i o n  of t he  s a t e l l i t e  as a 

funct ion of time i s  provided by NASA and added t o  t h e  data. 
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Pos i t ion  i s  calculated i n  magnetic coordinates, o r  B, L space 

[McIlwain, 19611. 

versus B and L. 

t o  s e l ec t ed  magnetic s h e l l s  (L = 2.0, 2.05, 2.1, e t c . )  wherever 

t h e  o r b i t  crosses  them and t h e  da t a  a r e  usable. 

d a t a  are grouped according t o  L value and sor ted i n  order  o f  B. 

With adequate data, one can then p l o t  t h e  counting r a t e s  as a 

funct ion of B f o r  any se l ec t ed  L. 

dependence. 

From t h i s  i s  obtained t h e  counting rates 

Next a computer program i n t e r p o l a t e s  t h e  d a t a  

The i n t e r p o l a t e d  

Usually the re  i s  a s t rong B 

As  each crossing of a magnetic s h e l l  occurs a t  a d i f f e r e n t  

time, t h e  t i m e  dependence has so far been l e f t  ou t .  

data it i s  t y p i c a l l y  small. When t h e  t i m e  v a r i a t i o n  i s  regular ,  

and not a funct ion of B, one can f i t  t h e  flux on a l i n e  of fo rce  

with the  funct ion 

For proton 

Ine  

+ 

Ine (l/G) + p1 + A2 t 

(B/B~) + (B/B~)~ + . . . 

+ ( B / B ~ ) ~ - *  

where 
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I -  

B = .3116/1,~ i s  t h e  value of  t h e  magnetic f i e l d  a t  
0 

t he  equator f o r  t h a t  L; 

3 < n C 8 i s  selected by the  computer or by t h e  - - 
programmer f o r  the b e s t  f i t ;  

G i s  the  geometric fac tor  i n  cm2-sr f o r  t h e  de t ec to r .  

One sees  t h a t  t he  given function can produce a s t rong  B dependence 

and a weak t dependence as required.  S a t i s f a c t o r y  coe f f i c i en t s  

%, -- , 
t he  s i x  da t a  channels of t h i s  survey. 

have been obtained on a g r i d  of  L values  f o r  each of 

During a s t a b l e  or slowly changing epoch a counting r a t e  

at time t can be projected t o  a reference time t r e f  by multiply- 

ing  by exp (A2 (t - t r e f ) ) .  

would presumably have been measured a t  t he  re ference  time. The 

s teady-s ta te  d i s t r i b u t i o n s  given i n  t h i s  paper represent  such 

presumed i n t e n s i t i e s ,  projected t o  January 1, 1963. 

three  ranges of de tec tor  B were taken during t h e  i n t e r v a l  from 

December 14, 1962 t o  May 10, 1963; i n  the  th ree  ranges of 

de tec tor  C, from December 14, 1962 t o  September 22, 1963. 

The r e s u l t  i s  the  i n t e n s i t y  t h a t  

Data i n  the  

3. Proton Fluxes 

Figures 2 through 7 i l l u s t r a t e  t h e  f lux as a funct ion of  B 

f o r  t he  s i x  energy ranges of de tec tors  B and C.  Figure 8 shows 
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I -  t h e  sum of t h e  detector  C channels, or t he  f l u x  of protons from 

18.2 t o  63 MeV. 

pro jec ted  t o  January 1, 1963, and t h e  l i n e  i s  the  a n a l y t i c a l  f i t  

according t o  equation (1). 

seven l i n e s  of force.  

seven energybands on up t o  2 8 l i n e s  of force .  

i s  too  g rea t  t o  be included i n  t he  present  paper, the  complete 

s e t  of data i s  ava i lab le  i n  a supplementary r epor t  [ F i l l i u s  and 

McIlwain, 19651 . The supplementary repor t  contaiiis f i g u r e s  f o r  

a l l  of the  l i n e s  of force  and t a b l e s  of t h e  f i t t i n g  coe f f i c i en t s  

i n  equation (1). 

intended as  a reference manual f o r  proton f luxes ,  and as a 

d e t a i l e d  presenta t ion  of Relay I data. 

The poin ts  represent t he  ind iv idua l  measurements 

These f i g u r e s  include only s i x  o r  

Relay I d a t a  have been analyzed i n  these  

Because i t s  bulk 

Offering no in t e rp re t a t ion ,  t he  r epor t  i s  

Inspect ion of these f igures  shows t h a t  between L = 1.5  

and 2.2 the  i n t e n s i t y  within about 30" t o  45" of t he  equator 

can be approximated by a power l a w  

j = jQ ( B / B ~ ) - ~  . 

For t h e  lowest energy range (1.1 t o  14 MeV) the  slope, n, i s  

t y p i c a l l y  3-5 t o  4, and f o r  the highest  energy range (35 t o  63 MeV) 

the  slope i s  about 3. A s  one goes away from the  equator t h e  
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s lope decreases, t h e  i n t e n s i t y  being a l e s s  c r i t i c a l  func t ion  

of B, u n t i l  t he  mirror po in t s  s t a r t  t o  f a l l  i n  t h e  dense 

atmosphere. Here the  i n t e n s i t y  drops suddenly, as p a r t i c l e s  

mirroring i n  t he  dense atmosphere quickly l o s e  t h e i r  energy i n  

c o l l i s i o n s  and recombine t o  become untrapped n e u t r a l  atoms. 

Using the  a n a l y t i c a l  f i t s  of equation (1) as a f i r s t  

s impl i f ica t ion ,  one can condense the  da ta  f u r t h e r  by means 

of contour maps i n  B, L space. A complete s e t  of contours 

d isp lays  a l l  of t h e  information from a given channel. 

through 1 5  exh ib i t  t h e  flux of protons i n  seven energy ranges 

as seen by Relay I on J a n u a r y l ,  1963. S ix  energy ranges are 

independent and one i s  redundant. As  t he re  a re  t e n  contours 

pe r  decade on these  maps, t h e  s tep  s i z e  i s  one db, o r  about 25%. 

The e r r o r  i n  the  da ta  i s  ususal ly  l e s s  than t h i s .  

Figures  9 

I n  studying the  contour maps it may help t o  remember t h a t  

t he  previous p l o t s ,  Figures 2 through 8, a re  cross-sect ions of 

t h e  contour maps along the  appropriate l i n e s  of force .  The 

i n t e n s i t y  of protons which mirror a t  a given B and L can be 

read a t  t he  po in t  B, L on t h e  maps. These p a r t i c l e s  remain on 

the  same L s h e l l  a s  they d r i f t  around the  e a r t h  and spend t h e i r  

time between the  equator and t h e i r  mirror po in t s ,  B, i n  each 
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hemisphere. The high i n t e n s i t y  contours l i e  near t he  equator,  t he  

highest  i n t e n s i t y  observed being 3.7 x 10 

from 1.1 t o  1 4  MeV a t  L = 2.2. 

range ev ident ly  l i e s  above the  Relay I apogee, a s  t he  highest  

contour i s  not closed and the i n t e n s i t y  s t i l l  r i s e s  going outward 

on an equa to r i a l  p r o f i l e .  The atmosphere i s  evident a t  high 

values of B where t h e  close spacing of t h e  contours ind ica t e s  a 

s teep  i n t e n s i t y  gradient .  This i s  the  underside of  t he  

r a d i a t i o n  b e l t  where the  l i n e s  o f  force  en te r  t h e  dense 

atmosphere. 

6 -1 protons cmn2 sec s t e r - l  

The peak i n t e n s i t y  i n  t h i s  energy 

Although the  per igee of t he  Relay I o r b i t  i s  1.2 e a r t h  

r a d i i ,  not enough da ta  were acquired below L = 1.5 t o  permit 

p l o t t i n g  low energy proton i n t e n s i t i e s  on these l i n e s  of force .  

Additionally,  t he  high e lec t ron  f luxes  a t  low L values contaminated 

t h e  highest  energy channels of de t ec to r  C, so  t h a t  no da ta  i s  

displayed for 35 t o  63 MeV protons below L = 1.8 and f o r  25 

t o  35 MeV protons below L = 1.6. 

t he  coverage over t he  o r b i t  i s  complete, and the  Relay I da ta  

maps provide a broad view of the  inner  zone proton d i s t r i b u t i o n .  

With these  exceptions, however, 



4. Proton Energy S p  e c t r a  

The s ix  energy bands of de tec tors  B and C can be augmented 

by  two more ranges obtained by de tec tors  A and D. 

summarizes the  p rope r t i e s  of these de tec tors .  Af te r  converting 

the  de tec tor  A measurements from omnidirect ional  t o  d i r e c t i o n a l  

Table I11 

flux, one has e ight  po in t s  with which t o  cons t ruc t  t he  energy 

spectrum of d i r e c t i o n a l  protons.  The e igh t  energy ranges a r e  

l i s t e d  below: 

Detector B 1.1 t o  14 MeV 

Detector B 1.6 t o  7.1 MeV 

Detector B 2.25 t o  4.7 MeV 

Detector D > 5.2 MeV 

Detector C 18.2 t o  25 MeV 

Detector C 25 t o  35 MeV 

Detector C 35 t o  63 MeV 

Detector A ’ 34 MeV 

d i r e c t i o n a l  

d i r e c t i o n a l  

d i r e c t i o n a l  

d i r e c t i o n a l  

d i r e c t i o n a l  

d i r e c t i o n a l  

d i r e c t i o n a l  

converted from omni- 
d i r e c t i o n a l  t o  d i r e c t i o n a l  

It i s  e a s i e s t  t o  make an i n t e g r a l  spectrum, so that  the  

f luxes  determined by  de tec tor  A and de tec tor  D can be p l o t t e d  

immediately. A small  adjustment i s  then made t o  the  34 MeV 
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po in t  t o  give t h e  f l u x  above 35 MeV. 

mined by the  steepness of t he  spectrum measured by  the  upper 

two ranges o f  de t ec to r  C.  Assuming a power l a w  energy spectrum, 

This adjustment i s  de t e r -  

N ( > E)  = K Emn 

the  eor rec t ion  formula i s  

dE -n - = - .O3 n d N  
N E 

- =  

and n comes f r o m t h e  formula 

(3 

(4 

As n i s  t y p i c a l l y  3 or l e s s ,  t h e  cor rec t ion  i s  about 10%. For 

such a s m a l l  cor rec t ion  the  assumed s p e c t r a l  form i s  unimportant 

and does not pre judice  the  data. 

Now one can add the flux of protons from 25 t o  35 MeV t o  

the  t o t a l  f lux  above 35 MeV t o  g e t  t h e  t o t a l  above 25. Again 

adding the  f l u x  from 18.2 t o  25, one has the  t o t a l  above 18.2. 

An in t e rpo la t ion  between 18.2 and 5.2 MeV gives  t h e  f l u x  above 

1 4  MeV. 

flux above 1.1 MeV. 

If t h i s  i s  added t o  the  1.1 t o  14 MeV range, one has the  

Similar i n t e rpo la t ions  t o  7.1 and 4.7 MeV 
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and addi t ions  t o  the  appropriate de t ec to r  B ranges gives  t h e  

f luxes  above 1.6 and 2.25 MeV. 

high end e i t h e r  by extending a power l a w  t o  63 MeV or by sub t r ac t -  

ing the  35 t o  63 MeV flux f r o m t h e  > 35 MeV value.  

former method introduces an assumption of t he  s p e c t r a l  form, 

it i s  genera l ly  s a f e r  than the  l a t t e r  method, which depends upon 

The spectrum i s  completed a t  t h e  

Although t h e  

a small  d i f fe rence  between t w o  l a r g e  numbers. 

Figures 16 and 17 taken from McIlwain e t  a l .  [19641 and 

McIlwain [1964] give the  fluxes above 5.2 and 35 MeV measured 

by  de tec tors  D and A. Complete spec t r a  can now be constructed,  

using the  da ta  maps i n  t h i s  paper, over much of t h e  inner  zone. 



111. OTKER MEASUREMENTS I N  THE INNER ZONE 

1. H i s  t o r y  

Measurements of inner  zone protons have exhib i ted  increas ing  

p rec i s ion  s ince the  Geiger tubes on Explorer I and 111 discovered 

the  trapped r a d i a t i o n  [Van Allen, 19591. The instruments of 

Explorer IV mapped the  f i r s t  i n t e n s i t y  contours,  bu t  did not 

p o s i t i v e l y  i d e n t i f y  t h e  type of r ad ia t ion  they  were measuring 

(protons,  e lec t rons ,  bremsstrahlung, or heavier  nuc le i )  

[McIlwain, 19611. 

high a l t i t u d e  rockets  disclosed proton t r acks  which i d e n t i f i e d  

t h e  pene t ra t ing  r a d i a t i o n  of  the inner  zone [Freden, White, 1959; 

Naugle and Kniffen, 19621. 

a l s o  obtained by the  emulsions, b u t  t h e i r  time and s p a t i a l  

revolu t ion  w a s  poor and the  extent of coverage was ,  of course, 

very  l imi ted .  Proton de tec tors  of improved performance and 

energy r e so lu t ion  have been f lown i n t o  t h i s  region on rockets  

[Bame e t  al., 19631 and s a t e l l i t e s  [Davis and Williamson, 1963; 

Bostrom e t  al., 1961; McIlwain, 1963; Brown and Gabbe; Imhof and 

Smith, 1964; Freden and Paulikas, 1964; F i l l i u s  and McIlwain, 1964; 

Freden e t  a l . ,  1965; Krimigis and Van Allen, 19651, increasing the  

accuracy of our knowledge of t h i s  trapped r ad ia t ion .  

Nuclear emulsion packs flown and recovered on 

I n t e n s i t i e s  and energy spec t r a  were 



The remainder of t h i s  chapter w i l l  be devoted t o  comparison 

of t h e  measurements of other  experimenters with those of Relay I. 

It w i l l  become evident t h a t  a wide range of de t ec to r s ,  from nuclear 

emulsions t o  z inc  sulphide s c i n t i l l a t o r s ,  have obtained repro- 

ducible  r e s u l t s ,  and t h a t  these d ive r se  experiments a l l  f i t  t h e  

space and energy d i s t r i b u t i o n s  found by Relay. 

2. Comparison with NERV 

One of t h e  important emulsion experiments was a nuclear 

emulsion recovery veh ic l e  (NERV) rocketed through t h e  inner  zone 

on September 19, 1960. 

f l i g h t ,  and t h e  recovered f i l m w a s  scanned a t  f i v e  d i f f e r e n t  

p o i n t s  which passed under t h e  window at  t h e  f i v e  l o c a t i o n s  given 

below i n  B, L coordinates [Naugle and Kniffen, 1962; Naugle and 

Kniffen, 19631. 

The emulsion w a s  r o t a t e d  p a s t  a window i n  

Location B - 
0.231 

0.198 
0.196 
0.209 
0.223 

L - 
1.79 
1.72 
1.64 
1.54 
1.47 
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The spec t r a  f o r  t hese  po in t s  es tab l i shed  t h a t  t h e r e  was  a s o f t  

component of t he  proton spectrum which disappeared a t  low 

L values .  This t r end  was q u a l i t a t i v e l y  confirmed by previous ly  

publ ished Relay I r e s u l t s  [ F i l l i u s  and McIlwain, 19641. With 

t h e  method f o r  cons t ruc t ing  spec t ra  explained i n  the  previous 

chapter ,  and using t h e  da t a  presented i n  t h i s  paper, one can 

make a quan t i t a t ive  comparison between NERV and Relay I a t  

po in t  A .  The high energy proton de tec to r s  on Relay have a high 

e l ec t ron  background a t  t h e  other  po in t s  and comparison t h e r e  i s  

not poss ib le .  Figure 18 demonstrates t h e  agreement. The time 

gap between measurements i s  2 1/2 years,  y e t  t h e r e  i s  no change 

beyond the  accuracy of t h e  measurements. 

3.  Comparison with Bame, Conner, 
H i l l ,  and Holly E19631 

On October 4, 1960 another rocket c a r r i e d  a two-crystal  

s c i n t i l l a t i o n  spectrometer i n to  the  inner  zone t o  measure the  

proton spectrum. The r e s u l t  reported by Bame, Conner, H i l l ,  

and Holly i s  an average f o r  protons having p i t c h  angles  between 

60" and 90" a t  L = 2.495 and B = .069. For 1.02 c E e 2.24 MeV, - -  

6 -5.2 j (E)  = 2.0 x 10 E protons/cm2 see s t e r  MeV 
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and f o r  2.24 < E C 7.3 MeV - -  

2 j (E)  = 0.71 x lo6 E-3*9 protons/cm see s t e r  MeV. 

The number above 7.3 MeV i s  consis tent  wi th  an ex t r apo la t ion  of 

t h e  l a t t e r  spectrum t o  i n f i n i t y .  

For comparison with a Relay I spectrum constructed f o r  

t h i s  po in t ,  t h e  spectrum of Bane e t  a l .  (B, C 8) has been 

in t eg ra t ed  and p l o t t e d  i n  Figure 19. The Relay I data are a l s o  

shown. 

t h e r e  i s  no meaningful difference.  

Once again t h e  comparison i s  p l eas ing .  For E > 2.25 MeV, 

2 Below 2.25 MeV t h e  B, C, H 

spectrum i s  s o f t e r ,  so t h a t  the e a r l i e r  experiment sees  almost 

t h r e e  t i m e s  as many protons above 1.1 MeV as does Relay. This 

may correspond t o  a r e a l  time v a r i a t i o n .  If t h i s  i s  t h e  case 

t h e  d i f f e rence  could be generated merely by tu rn ing  o f f  t h e  

source and l e t t i n g  t h e  protons l o s e  energy i n  t h e  r e s i d u a l  

atmosphere during t h e  time i n t e r v a l  between measurements. 

Other mechanisms could generate t h i s  d i f f e rence  a l so ,  bu t  it i s  

c l e a r  t h a t  a sophis t icated process i s  not needed. 
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4. Comparison with Injun I 
TPieper, Bostrom, and Zmuda] 

The s a t e l l i t e  I n j u n  I car r ied  a s o l i d  s t a t e  de tec tor  which 

counted protons from 1 t o  1 5  MeV, almost t h e  same range as Relay, 

and t h i s  counter obtained trapped proton da ta  i n  i t s  c i r c u l a r ,  

1000 km o r b i t  from June, 1961 u n t i l  December. Bostrom, Zmuda, 

and Pieper have published a comparison of t he  f luxes  measured 

by Injun I w i t h  t h e  preliminary Relay I contours published by 

McIlwain e t  al. [19641. 

where the  f i n a l  Relay I contours presented i n  t h i s  paper have 

been added, as we l l  as some reference l i n e s  of constant  a l t i t u d e .  

Although the  prel iminary Relay I contours were not guaranteed t o  

be l e s s  than a f a c t o r  of two i n  e r r o r ,  they a r e  not  s i g n i f i c a n t l y  

d i f f e r e n t  from t h e  f i n a l  ones, which should be accurate  t o  25%. 

The f i n a l  contours were not extended below L = 1 .5  because the re  

a r e  too few data i n  t h a t  region t o  give b e t t e r  than factor-of-two 

accuracy. 

This comparison i s  repeated i n  Figure 20, 

As noted by Bostrom e t  d., t he  Injun da ta  a re  i n  good 

agreement w i t h  Relay i n  t h e  region 1.6 e L C 1.9, and i n  the  

region 1.9 C L e  2.5, .22 < B < 0.25, t h e  Injun da ta  a re  a 

reasonable ex t rapola t ion  of Relay. 

- -  
- -  - -  



Below L = 1 . 5  the  Injun data a r e  not a good ex t rapola t ion  

of t he  Relay contours, and i s  up t o  a f a c t o r  of 8 l e s s  than t h e  

prel iminary Relay contour through t h a t  region. Although t h i s  i s  

an ind ica t ion  t h a t  t h e  p a r t i c l e  f luxes  have changed i n  t h i s  

region, it seem inadvisable t o  base a f i r m  conclusion on s o  

l i t t l e  data. Generally speaking, t he  comparison with In jun  I 

da ta  ind ica tes  a high degree of s t a b i l i t y  of the  trapped r a d i a t i o n  

i n  t h i s  region. 

5.  Comparison with Freden, 
Blake, and Paulikas 

The s a t e U i t e  1964-45A was launched i n  August, 1964 with 

a complement of proton de tec tors  which monitor s i x  energy ranges 

from 6 t o  > 110 MeV. 

i n  o r b i t  has been d i s t r i b u t e d  by Freden, Blake, and Paulikas 

[Freden e t  a l . ,  19651 and four of these  spec t ra  a r e  from po in t s  

where Relay I data can be assembled. As t he  Freden, Blake, and 

Paul ikas  (F, B, P) r e s u l t s  a re  given i n  omnidirectional,  

d i f f e r e n t i a l  spectra ,  and the  Relay I f luxes  a re  b e s t  expressed 

as  d i r ec t iona l ,  i n t e g r a l  spectra,  t he re  i s  some d i f f i c u l t y  i n  

matching the  curves. This has been done on the  middle ground 

3y c o q a r i n g  omnidirectional,  i n t e g r a l  spec t ra .  Conversion of the  

A s e t  of spec t ra  from the  f i rs t  two weeks 
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F, B, P curves from d i f f e r e n t i a l  t o  i n t e g r a l  spec t r a  i s  s t r a i g h t -  

forward, using the  given proper t ies  of t he  de t ec to r s  t o  convert  

t he  d i f f e r e n t i a l  da ta  t o  d i r e c t  f luxes  and then  bui ld ing  i n t e g r a l  

spec t r a  i n  a fashion analogous t o  t h a t  used f o r  Relay. To convert  

t h e  Relay I f luxes  t o  omnidirectional, recourse w a s  made t o  curves 

of i n t e n s i t y  versus B along a l i n e  of fo rce  (e.g. ,  Figures 2-8). 

The omnidirectional i n t e n s i t y  was in t eg ra t ed  from t h e  pos i t i on  

of t he  comparison, B, down t o  the atmosphere a t  Bw: 

go 

J (B) = 2 .ir J’ j (a) da sim 
0 

1 -  (5) 

E r r o r  ba r s  have not been put  on t h e  r e s u l t i n g  Relay f luxes  because 

of t he  d i f f i c u l t y  i n  t r ac ing  them through t h e  i n t e g r a l .  

Figure 21 shows the  comparison between t h e  spectra .  Clear ly  

the  agreement i s  exce l len t .  

6. Comparison with BTL 

I n  addi t ion  t o  the  SUI-UCSD de tec to r s  l i s t e d  i n  Tables I 

and 11, Relay I ca r r i ed  two de tec tors  b u i l t  and ca l ib ra t ed  by the 

. group a t  t h e  B e l l  Telephone Laboratories.  An unpublished r epor t  
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on Relay I r e s u l t s  [Brown e t  aL., 19641 gives  f l u x  contours f o r  

protons i n  two energy ranges: 

Because t h e  energy thresholds  do no t  coincide with those of the  

SUI-UCSD counters,  comparison must be made by construct ing an 

SUI-UCSD i n t e g r a l  spectrum, and in t e rpo la t ing  t o  read t h e  f l u x  

values  a t  t he  BTL thresholds .  It i s  convenient t o  do t h i s  a t  

t h e  equator, using a previously publ ished [ F i l l i u s  and McIlwain, 

19641 s e t  of SUI-UCSD spectra ,  and reading the  BTL f luxes  from 

t h e i r  contour p l o t s .  The r e su l t i ng  equa to r i a l  p r o f i l e s  a re  

shown i n  Figure 22. 

2.5 t o  3.8 MeV, and 5.0 t o  8.6 MeV. 

Agreement i s  to l e rab le  i n  the  2.5 t o  3.8 MeV range, bu t  

i n  t h e  5.0 t o  8.6 MeV range the BTL f luxes  a r e  cons i s t en t ly  

about 50% higher than t h e  SUI-UCSD values.  A s  a 15% e r r o r  i s  

quoted f o r  t he  BTL contours, and the  SUI-UCSD values  a r e  given 

about a 30% uncertainty,  t h i s  i s  outs ide the  e r r o r  bars .  

case the  de tec tors  a re  on t h e  same s a t e l l i t e ,  and no time 

va r i a t ions  can be considered. Three poss ib le  explanations a r e  

offered:  

(1) The e r r o r  bars on the  SUI-UCSD po in t s  a re  uncertain,  as 

they a re  taken from the  difference of two l a r g e  numbers. The e r r o r s  

shown were assigned according t o  the  formula 

I n  t h i s  
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The e r r o r s  x and y a r e  probably not randomly r e l a t e d ,  how- 

ever ,  and i f  they  a re  opposi te ly  d i rec ted ,  t h e  e r r o r  ba r s  should 

be much l a r g e r .  I n  t h i s  case the discrepancy i s  unreal .  

(2) 

threshold from t h a t  quoted. A s l i g h t  d i f fe rence  i n  threshold 

could make a l a rge  d i f fe rence  in  f lux .  

( 3 )  

and 18.2 MeV, but  drops very  f a s t  from 5 t o  8.6 MeV and then 

l e v e l s  o f f  before dropping again above 18.2 MeV. 

SUI-UCSD value f o r  t he  t o t a l  f l ux  above 5.2 MeV f a l l s  wi th in  

the  BTL limits f o r  t h e  energy range 5.0 t o  8.6. 

f luxes  were read between 5.2 and 18.2 MeV by assuming a simpler 

spectrum, t h e  in te rpola ted  values would contain t h i s  e r r o r .  I n  

t h i s  case a l so ,  t h e  discrepancy would be unreal .  

One of  t he  SUI-UCSD o r  BTL de tec tors  has a d i f f e r e n t  energy 

The proton spectrum does not vary smoothly between 5.2 

I n  f a c t ,  t h e  

As t h e  SUI-UCSD 

7 -  Comparison with Explorer XV 

Explorer XV ca r r i ed  an omnidirectional proton counter almost 

i d e n t i c a l  t o  de tec tor  A on Relay I. McIlwain E19631 has published 
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da ta  from t h i s  de tec tor  i n  the  40 t o  110-MeV range, and F i U i u s  

and McIlwain [19641 have published a comparison w i t h  Relay I 

i n  t h e  form of equa to r i a l  p r o f i l e s  (see Figure 23). In  t h i s  

f i g u r e  one of t he  de tec tor  C channels goes through a minimum 

a t  1.9 R whereas t h e  o thers  do not. Since the  da t a  handling 

f o r  these  th ree  channels i s  iden t i ca l ,  it i s  c l e a r  that  t h e  

minimum is t i e d  t o  t h e  d i f f e r e n t  energy s e n s i t i v i t y  of t h a t  

da t a  channel, and i s  not an a r t i f a c t  of da t a  reduction. 

E 

8. Comparison with Davis' s 
Measurements 

One of t he  most important bodies of da t a  on l o w  energy 

trapped protons i s  t h a t  of L. R. Davis and h i s  group a t  Goddard 

Space F l i g h t  Center [Davis e t  al., 1962; Davis, 19651. 

Ion-Electron de tec tor  has an upper proton cutoff  a t  about 10 MeV 

and lower thresholds  a t  98, 134, 168, 268, 498, 988, and 1688 keV. 

The upper two ranges compare c lose ly  with two of the  ranges of  

de tec tor  B (see Table I), and it i s  of i n t e r e s t  t o  compare the  

Relay I r e s u l t s  with Davis 's  data  from s a t e l l i t e s  Ekplorer MI,  

X N ,  and X V .  

of Davis 's  da ta  over a Relay contour map. 

taken from a preliminary,  unpublished t a b l e  "HSi'' [Davis, 19651, 

Their 

Figure 24 makes t h i s  comparison by spo t t ing  some 

Davis's po in t s  a r e  
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and the  block around each po in t  i s  t h e  pro jec t ion  i n  B, L space 

of the range of p i t c h  angles .over which the  Davis value w a s  

averaged. Cursory inspect ion reveals  agreement wi th in  a f a c t o r  

of two everywhere. 

where the re  i s  apparent disagreement. 

(1) 

Detailed examination d i sc loses  two regions 

A t  low L values near t he  equator Davis's values  are lower 

than Relay I. 

A t  high L values (L - > 3.5), Davis's average i s  higher 

than Relay I. 

(2) 

The comparison a t  low L values near t he  equator w i l l  be i n  b e t t e r  

(perhaps f u l l )  agreement a f t e r  a proper spin-average co r rec t ion  

i s  made  t o  t h e  prel iminary HSi data shown here [Davis, 19651. 

The difference a t  high L values can be explained on t h e  b a s i s  of 

t h e  d i f f e r e n t  energy thresholds of t he  de t ec to r s .  Representing 

a s o f t  energy spectrum as a power l a w ,  one expects t h e  r a t i o  of 

t h e  measurement t o  be 

A t  L = 3.5, n i s  about 5, and the  Davis flux i s  expected t o  be 

about higher, as observed. Below L = 2.5 (n z 2)  t h e  

co r rec t ion  i s  unimportant and the  agreement i s  not  impaired. 



29 

The comparison with Davis's measurements, then i s  qu i t e  

favorable .  

9- Summary of Comparisons 

I n  t h i s  chapter seven other experiments i n  t h e  inner  zone 

have been compared w i t h  t h e  Relay I measurements. The r e s u l t s  of 

t h e  comparison a re  a s  fo l lows :  

(1) There i s  no more than minor disagreement between t h e  

experiments . 
(2)  

exh ib i t  no changes beyond the  accuracy of the experiments. 

time s t a b i l i t y  implied by t h i s  f a c t  w i l l  be discussed i n  the  next 

Measurements from September, 1960 through August, 1964 

The 

chapter.  

( 3 )  

accurate  energy spec t r a  at a r b i t r a r i l y  se lec ted  loca t ions  

throughout most of t h e  inner  zone. 

Given e ight  Relay I i n t e n s i t y  maps, one can construct  
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I V .  APPLICATION TO THE PHYSICS 
OF THE INNER ZONE 

It i s  b e s t  t o  acknowledge t h a t  there  i s  no adequately 

developed theory t o  account fo r  t h e  f luxes  measured by Relay I. 

A full review of t h e o r e t i c a l  work on proton t rapping i s  not 

i n  order here, bu t  severa l  s tudies  w i l l  be presented f o r  t h e  

appl ica t ion  of our data. 

1. Time Changes i n  t h e  Proton Flux 

It i s  a notable r e s u l t  of Chapter I11 t h a t  there  i s  no 

s i g n i f i c a n t  d i f fe rence  between t h e  f luxes  seen i n  September 1960 

by NERV, i n  January 1963 by Relay I, and i n  August 1964 by 

s a t e l l i t e  1964-45A. Comparing t h e  flux and spectrum above 

18.2 MeV, one can s t a t e  t h a t  there  i s  no more than a 40% 

di f fe rence  between September 1960 and January 1963 and no more 

than  40% between January 1963 and August 1964 a t  t h e  respec t ive  

po in t s  of comparison. It i s  not  c l ea r ,  however, t h a t  these  f luxes  

remained the  same continuously during the  e n t i r e  four  year span. 

Small drif ts  did occur i n  some of t h e  Relay I da ta  over 

t he  per iod December 1962 t o  September 1963, bu t  t h e i r  i n t e r p r e t a t i o n  

i s  ambiguous. These dr i f ts  could be due e i t h e r  t o  genulne changes 



i n  t he  proton f luxes  or t o  gradual changes i n  t h e  de t ec to r  

c h a r a c t e r i s t i c s .  This quest ion w i l l  be  resolved when a thorough 

s tudy i s  f in i shed  using Relay I1 da ta  t o  r e c a l i b r a t e  t he  Relay I 

de tec to r s  as of January 1964. 

d r i f t  i n  t h e  de t ec to r  cha rac t e r i s t i c s ,  it should be c l e a r  t h a t  

it does not a f f e c t  t he  d i s t r i b u t i o n s  presented i n  Chapter 11, 

s ince  these  curves represent  the p ro jec t ion  of t h e  d a t a  back t o  

t h e  time of launch, i . e . ,  t o  the counting r a t e s  t h a t  would 

have been observed before  the  ca l ib ra t ions  changed. I n  any 

case, t he  r a t e  of d r i f t  i s  small, corresponding i n  many cases  t o  

a change over t he  per iod  of observation t h a t  i s  l e s s  than the  

s c a t t e r  i n  the  data. 

In the  case t h a t  t h e r e  i s  a 

That t he  proton fluxes do change has been recorded by  

P izze l l a ,  McIlwain, and Van Allen [19621 i n t e r p r e t i n g  data 

from the  302 Geiger tube on Explorer VII, and by McIlwain E19641 

analyzing de tec to r  A data from Relay I. 

have been assoc ia ted  with geomagnetic dis turbances.  

instance,  t he  change reported by McIlwain was  t he  only major 

event t h a t  occurred during the Relay I l i f e t i m e ,  and it coincided 

All of these  changes 

For 

with t h e  magnetic storm of September 1963, when the  index A P 
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~ . ' I .  

I -  

reached 600 y .  

was taken from launch u n t i l  September, and during t h i s  per iod  

A was never higher than  264 y .  

exceeded i n  twelve storms during t h e  Explorer V I 1  study, and 

600 y was exceeded i n  th ree  storms. 

t h a t  Explorer V I 1  recorded more a c t i v i t y .  

1963 storm de tec tor  C shows a change similar t o  de tec tor  A, 

bu t  t he  da ta  have been sparse  and need ca re fu l  i n t e r p r e t a t i o n  

i n  l i g h t  of poss ib le  ca l ib ra t ion  d r i f t s .  Detector B was 

qu i t e  dead by t h i s  t h e ,  and yields  no information. Therefore 

t h i s  change has not been analyzed i n  t h e  present  paper, which 

i s  intended pr imar i ly  t o  present t h e  s p a t i a l  d i s t r i b u t i o n  a t  

one moment of time. 

The Relay I de tec tor  B and C da t a  i n  Chapter I1 

Signi f icant ly ,  t h i s  l e v e l  was 
P 

It i s  not su rp r i s ing  then, 

Af te r  t he  September 

2. CRAND 

Before the  i d e n t i f i c a t i o n  of t h e  pene t ra t ing  r ad ia t ion  of 

t h e  inner  zone, it was suggested [Singer,  19591 t h a t  t hese  

p a r t i c l e s  were protons from the decay of neutrons produced a t  

t he  top of t he  atmosphere by  cosmic rays.  

albedo neutron decay theory (CRAND) had some success i n  accounting 

f o r  t h e  e a r l y  crude measurements and s t i l l  gives  p l aus ib l e  

The cosmic r a y  
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r e s u l t s  a t  low a l t i t u d e s  for  > 40 MeV protons [Valerio,  19641. 

For the  1MeV protons i n  the Relay I o r b i t ,  however, a source 

i s  needed which i s  s t ronger  by two o r  t h ree  orders  of magnitude. 

To demonstrate t h i s  f a c t  one can ca l cu la t e  t he  source s t r eng th  

needed t o  sus t a in  t h e  flux measured by Relay I a t  some po in t  

i n  space and compare t h i s  with the  source s t r eng th  provided by 

CRAND. Ray [19601 has solved the proton t r anspor t  equation f o r  

equi l ibr ium between a neutron in j ec t ion  source and atmospheric 

losses :  

CO - -1 
j (E) = p ( - dE/dx)-l [ dE 

E 

-1 -1 -2 where j (E) i s  t h e  proton f lux,  i n  p sec MeV-’ s t e r  cm . 
- 
P i s  the  average atmosphere over a long i tud ina l  d r i f t  

-3 period, i n  gm cm . 
i s  the  energy l o s s  r a t e  f o r  a proton i n  the  

atmosphere, i n  MeV gm cm . 
i s  the  in j ec t ion  r a t e  f o r  protons o f  energy E 

dE/dx 

-1 -2 

averaged over a longi tudina l  per iod,  i n  protons 

sec MeV-’ s t e r - I  cmm3. -1 
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Consider 1 MeV p a r t i c l e s  mirroring a t  t h e  equator a t  L = 2.1. 

Using Relay I da ta  f o r  j (E) ,  a computer program by Hassitt 

[19651 f o r  p ,  
- 

and a handbook value f o r  dE/dx, one g e t s  

6 -2 -1 -1 
j (1) = 2.1 x 10 protons cm sec s t e r  MeV-’ 

-3 - 
p = 3.8 x gm cm 

dE/dx = - 250 MeV gm cm -1 2 

m 
-1 -1 dE = 2.0 x protons ~ r n - ~  s t e r  sec . 

1 

This i s  the  source s t rength  required by trapped proton observations.  

Now consider t he  mechanics of albedo neutron in j ec t ion .  

By an argument of Singer and Lenchek [19621 the  i n j e c t i o n  

coe f f i c i en t  i n to  a given trapped o r b i t  i s  propor t iona l  t o  t h e  

f r a c t i o n  of t h a t  o r b i t  during which the  p a r t i c l e  v e l o c i t y  vec tor  

scans the  ear th .  This represents  t he  f a c t  t h a t  t h e  neutron i s  

t r ave l ing  on a s t r a i g h t  l i n e  away from t h e  e a r t h  a t  the  i n s t a n t  

of decay, bu t  t he  decay proton becomes averaged over a l l  phases 

i n  i t s  trapped o r b i t  including those i n  which i n j e c t i o n  i s  not 

poss ib le .  For equa to r i a l  p a r t i c l e s  at L = R t h i s  d i l u t i o n  

f ac to r ,  g, i s  given by 
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The neutron leakage f l u x  a t  a p o i n t  i n  space can be 

calculated on t h e  basis of t he  papers of  Hess, Canfield, and 

Lingenfel ter  [19611 and Lingenfelter [1$31. We w i l l  use t h e  

following notation: 

J (A, E) = t he  f lux of neutrons of energy E leaking out  of 

t h e  top  of the  atmosphere a t  l a t i t u d e  h, expressed 

i n  neutrons cm'2 sec-l MeV-'. 

J (h, E, 7) = t h e  d i r e c t i o n a l  neutron flux a t  t h e  t o p  of t h e  

atmosphere with energy E, a t  l a t i t u d e  h, and 

with zen i th  angle , expressed i n  neutrons 

cm sec  MeV-' s ter  . -2 -1 -1 

J (R, h, E, a) = t h e  d i r e c t i o n a l  neutron flux at  a p o s i t i o n  i n  

space given by radial  d i s t ance  R and la t i tude  h, 

with energy E, and angle 0 with r e spec t  t o  t h e  

l o c a l  magnetic f i e l d  vector ,  expressed i n  neutrons 

c m  sec MeV-' s t e r  . -2 -1 -1 

Hess e t  a l .  showed t h a t  t he  angular d i s t r i b u t i o n  of neutrons escaping 

from t h e  top  of t h e  atmosphere w a s  expressed by t h e  f a c t o r  

3 cos2 '5 
2.13 cos p + 



Throwing away the first term, they approximated this simply by 

cos2 7 , and gave the angular distribution as 

J (A, E, 3 = cos-2 1 J (A, E) 

where - is a normalization constant to assure that 2 n  

=I2 
2 'irs J (A, E , >  ) sin '5 d g  

0 

= J (A, E) . (11 1 

It is almost an equally good approximation to throw away the 

second term and write 

J (A, E, 3 = 7 cos 3 J (A, E )  . 

This form has the advantage of simplifying the solution of 

equation (13). 

The directional neutron flux at radial distance R and 

latitude Oo, with energy E and angle 90" to the local magnetic 

field vector, is given by 
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J (R, O", E, 9") = 

+E 

P O  +E 
dA cos 3 

2 r 
s s  
8 A=-€ 

The i n t e g r a l  i s  over a s t r i p  of t he  e a r t h ' s  surface along the 

equator from the  e a s t  limb t o  the west limb, and the  d is tance  r 

i s  measured from the area o f  in tegra t ion  t o  the  poin t  of 

observation. 

angle over which the  d i rec t iona l  f l u x  i s  averaged, and the  

l i m i t  E + 0 represents  the  f a c t  t h a t  p a r t i c l e s  moving a t  r i g h t  

angles t o  the  magnetic f i e l d  vector on the  equator must have 

emerged from the  atmosphere at h = 0 " .  

The denominator o f  t h i s  expression i s  the  s o l i d  

Using equation (12), we 

g e t  

J (O", E) . 1 J (R, o o ,  E, 90") = - 
R 

The number of decays from t h i s  neutron stream i s  given by 

* J (R, O", E, 90" )  (15 1 m S (E) = 
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-4 -1 where h = 9.9 x 10 sec 

v (E) 

S (E) = t h e  decay r a t e  i n  sec - l  s t e r - l  MeV-' . 
= the  v e l o c i t y  of a neutron of energy E 

Then the  average source s t rength  over a proton o r b i t  i s  

where 

The i n t e g r a l  of equation (16) from E=l t o  gives  t h e  CRAND 

source s t rength  t o  be compared with the  value ca lcu la ted  from 

equation (8). 

g i s  given by equation (9) and we have used equation (14). 

An upper l i m i t  t o  t h i s  i n t e g r a l  i s  given by 

Using Lingenfel ter '  s values for  J (0 ,  E) ,  

m 

-1 s J (0 ,  E)  dE = 

1 

.038 neutrons cm-* sec 

Combining r e l a t i o n s  (9), (l7), and (18), we can ca l cu la t e  an upper 

l i m i t  f o r  t h e  CFtAKD source s t rength a t  L = 2 .1  and a! = 90": 
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-1 dE C 1.4  x p cm-3 sec - l  s t e r  . 
1 

-3 This i s  a f a c t o r  of 1000 shor t  o f  t he  value of 2.0 x cm 

sec s t e r  demanded by t h e  measured f lux .  -1 -1 

3. SPAND 

The detect ion o f  a l a rge  f l u x  of low energy protons by 

Naugle and Kniffen [19621 l ed  t o  t h e  amplif icat ion of CRAND 

by the  so l a r  proton albedo neutron decay theory (SPAND). 

theory supposes t h a t  t he  low energy trapped protons a r e  t h e  

decay products o f  albedo neutrons generated i n  t h e  po la r  

atmosphere by l o w  energy solar cosmic rays .  

worked out  t h e  d e t a i l s  of t h i s  model and concluded t h a t  SPAND 

could account f o r  t he  measurements of Naugle and Kniffen. Since 

t h e  observations of Davis and Williamson [19621, of Bame e t  al .  

[19631, and of Relay I [ F i l l i u s  and McIlwain, 19641, however, 

it has been evident t h a t  SPAXD was inadequate on a t  l e a s t  

t h ree  counts. 

(1) 

with a temperature of about 4 MeV. 

This 

Lenchek [19621 

The energy spectrum ca lcu la ted  f o r  SPAND was Maxwellian 

This does not a t  a l l  descr ibe 
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t h e  observed spectra ,  which vary throughout space but  can be 

general ized a s  much s o f t e r  than predicted,  with enormous numbers 

of 100 keV p a r t i c l e s .  

(2) The geometry of SPAND forbids  any t rapping below L = 1.7 

and allows no p a r t i c l e s  mirroring on t h e  equator below L = 3.5. 

However, t he  l a r g e s t  f l uxes  observed by Relay I were on the  

equator, and many p a r t i c l e s  a re  observed below L = 1.7. 

pred ic ted  and observed geometries a re  i n  v io l en t  disagreement. 

( 3 )  SPAM) was only adequate t o  account f o r  t h e  i n t e n s i t y  of 

10 MeV protons observed by NERV a t  low a l t i t u d e s .  

of 1 MeV Relay I protons a t  the  equator on t h e  same l i n e s  of 

force  i s  3 o r  4 orders  of magnitude g rea t e r .  As  pointed out  

i n  (1) and (2) above, t he  predicted energy and s p a t i a l  

va r i a t ions  a re  not such a s  t o  m a k e  up t h e  d i f fe rence .  It must 

be concluded t h a t  SPAND i s  also too  weak by severa l  orders  of 

magnitude. 

The 

The i n t e n s i t y  

The conclusion of t h i s  and t h e  preceding sec t ion  must be 

t h a t ,  although cosmic r ay  and so la r  proton albedo mechanisms 

operate ,  they  do not dominate. One must seek t h e  con t ro l l i ng  

f a c t o r s  f o r  inner  zone protons elsewhere. 
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4. Diffusion Theories, 1 

The observed numbers of low energy protons make it  necessary 

t o  seek a source much s t ronger  than neutron albedo. An obvious 

supply, of very generous magnitude, i s  the  so l a r  wind, and 

there  has been revived i n t e r e s t  i n  t he  e a r l y  ideas  of Kellogg 

[19591, Parker [19601, Herlofson t19601 , and o thers .  

i s  presumed t o  take  place a t  the boundaries of t he  magnetosphere, 

and d i f fus ion  cont ro ls  t h e  p a r t i c l e s '  motion inward. Although a 

s a t i s f a c t o r y  d i f fus ion  equation has not been introduced and 

solved, one can look i n t o  several  widely accepted cons t r a in t s  

regarding the  p a r t i c l e s '  behavior. 

In j ec t ion  

Following Parker,  it has been popular t o  consider d i f fus ion  

under which t h e  f i rs t  two adiabat ic  i nva r i an t s  a r e  preserved and 

the t h i r d  i s  broken [Davis and Chang, 1962; Nakada e t  al., 19641. 

This has t h e  e f f e c t  of accelerat ing the  p a r t i c l e s  t o  higher 

energies as they  move inward towards the  ea r th .  The simplest  

case t o  observe experimentally i s  on the  equator, where the  second 

invar ian t  i s  constant a t  zero. Figure 25 shows i n t e g r a l  energy 

spec t ra  a t  the  equator which were constructed from Relay I da ta  

[ F i l l i u s  and McIlwain, 19641. With t h e  f i r s t  ad iaba t ic  invar ian t  
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held  constant,  t he  energy of a p a r t i c l e  d i f fus ing  inward on t h e  

equator w i l l  va ry  as 

E a! L-j . 

The phase space densi ty ,  f ,  o f  p a r t i c l e s  i s  r e l a t e d  t o  t h e  

measured f l u x  by 

JdE = f p2 dE 

where p i s  the  p a r t i c l e  momentum 

-1 j i s  the  d i f f e r e n t i a l  flux sec s t e r - I  MeV-1 . 

Figure 26 shows t h e  d i f f e r e n t i a l  f l u x  on the  equator obtained by  

d i f f e r e n t i a t i n g  the  spec t r a  i n  Figure 25. McIlwain [P r iva t e  

Communication, 19641 has used these  values  t o  cons t ruc t  a p l o t  

o f  f vs  L f o r  p a r t i c l e s  of constant /” 

(Figure 2 7 ) .  Several  values  of a r e  represented,  and t h e  

curves a r e  labe led  according t o  t h e  energy of t h e  p a r t i c l e  a t  

L = 2. 

introduced i n  d i f f e r e n t i a t i n g  Figure 25,  f i s  seen t o  decrease as 

the  p a r t i c l e s  approach the  ear th .  This i s  the  same e f f e c t  seen 

by Nakada e t  a l . ,  i n  analyzing Davis’s data ,  and it has been widely 

on the  equator 

Except f o r  some s m a l l  i r r e g u l a r i t i e s  which were probably 
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in t e rp re t ed  t o  mean t h a t  t h e  source of t hese  p a r t i c l e s  i s  outs ide 

the  region of t h e  measurements. 

5. Diffusion Theories, 2 

The p a r t i c l e s  on the  equator do not t e l l  t h e  whole s to ry ,  

of course. Figures 28 and 29 give t h e  complete d i s t r i b u t i o n s  seer: 

by Relay I, i n  R, h, and By L space, r e spec t ive ly .  The s i x  energy 

bands are arranged consecutively, so  t h a t  one can scan from the  

l o w  t o  t h e  high energy p a r t i c l e s ,  and t h e  contour represent ing a 

flux of 10  

compare the  i n t e n s i t i e s .  There i s  an unmistakable con t inu i ty  i n  

t h e  development of  t h e  s p a t i a l  d i s t r i b u t i o n  as energy range 

3 has been darkened on Figure 31, so t h a t  one can 

increases .  These f e a t u r e s  a r e  e s p e c i a l l y  c l ea r :  

(1) 

(2) 

The high energy p a r t i c l e s  a r e  a t  lower L values.  

The i n t e n s i t y  of t h e  high energy p a r t i c l e s  i s  much less 

t h a t  t h e  low energy p a r t i c l e s .  

(3) 

as one moves along the  energy sca l e .  

The d i s t r i b u t i o n s  a r e  r e l a t e d  by a continuous development 

The f i r s t  po in t  above can be demonstrated e f f e c t i v e l y  by 

looking a t  t he  equa to r i a l  p r o f i l e  of t h e  r ad ia t ion .  

t h e  p o s i t i o n  of t he  peak of  a p r o f i l e  aga ins t  t he  energy 

If one p l o t s  
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threshold of the  de t ec to r ,  one obtains a very r egu la r  p a t t e r n .  

Figure 30 i l l u s t r a t e s  t h i s  using d a t a  from many d i f f e r e n t  

de t ec to r s  on a host  of s a t e l l i t e s  [Brown e t  al . ,  1963; Davis, 

1965; Frank e t  a l . ,  1964; Frank e t  al., 1965; Brown e t  a l . ,  19641. 

The r e l a t ionsh ip  between threshold energy and p o s i t i o n  of t h e  

maximum i s  uniform over t h e  three  orders  of magnitude measured. 

Further,  i f  one extrapolates  t h i s  r e l a t i o n s h i p  t o  f i n d  what 

energy would peak a t  t he  edge of t h e  magnetosphere, one g e t s  t h e  

proper value f o r  t hemergy  o f  protons i n  t h e  s o l a r  wind. This 

i s  cons i s t en t  with t h e  idea t h a t  protons are i n j e c t e d  i n t o  t h e  

magnetosphere with s o l a r  wind energies near t he  s o l a r  wind 

in t e r f ace .  Some d i f f u s e  inward, gaining energy, u n t i l  they 

reach t h e  atmosphere and are l o s t .  Others d i f f u s e  outward and 

are l o s t  again a t  t h e  boundary. 

a schedule f o r  t h i s  diffusion,  a "main sequence" f o r  t h e  

equa to r i a l  d i s t r i b u t i o n .  

Figure 30 would then represent  

The need for postulat ing outward d i f fus ion  and lo s s  o f  

p a r t i c l e s  has been seen i n  Figure 27, which shows t h a t  t h e  

p a r t i c l e  d e n s i t y  decreases as they  go inward. It i s  also 

apparent i n  Figure 30. Knowing t h a t  t h e  p a r t i c l e s '  second inva r i an t  

i s  conserved, and assuming t h a t  t h e  f i r s t  inva r i an t  i s  a l s o  
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constant,  we expect t h e  energy of any p a r t i c l e  t o  vary  according 

t o  equation (19): 

If t h e r e  was no l o s s ,  t h e  p o s i t i o n  of t h e  peak i n t e n s i t y  would 

follow t h i s  pa th  (a  45" diagonal) across  Figure 30. A s  it i s ,  

one sees  t ha t  t h e  p a r t i c l e s  which c o n s t i t u t e  t h e  peak a t  

50 MeV l ay  ins ide  t h e  peak a t  10 MeV and most of t h e  p a r t i c l e s  

from the 10 MeV peak must be l o s t .  

number of p a r t i c l e s  o f f  t h e  peak a t  lower energies i s  s u f f i c i e n t  

t o  f i l l  t h e  peak a t  higher energies.  

It may be noted t h a t  t h e  

6. The Maximum Energy f o r  
Stable  Trammine: 

It has been the  concern of some theo r i e s  t o  account f o r  

t h e  non-trapping of  high energy protons i n  t h e  outer  b e l t .  

(See the  review papers by Haerendel E19641 and Singer and 

Lenchek [19621.) 

ad iaba t i c  motion i n  t h e  decreasing magnetic f i e ld ,  and t h e y  

a l l  result i n  a m a x i m u m  energy f o r  s t a b l e  t rapping which 

decreases as one goes t o  higher a l t i t u d e s .  E f f o r t s  have been 

made t o  t e s t  these ideas by studying t h e  change i n  t h e  energy 

These theo r i e s  are based on t h e  breakdown of 
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spectrum throughout the region where breakdown should occur 

[McIlwain and P izze l l a ,  19631. A s  t h e  r a t i o  of counting r a t e s  

i n  two d i f f e r e n t  energy ranges i s  a measure of t h e  spec t r a l  

slope,  Relay I o f f e r s  a n  excel lent  opportuni ty  f o r  such a study. 

Figure 31 i s  a contour p lo t  of a s p e c t r a l  r a t i o  f o r  low 

energy protons,  and the  in t e rp re t a t ion  of t h i s  r a t i o  as a power 

l a w  spectrum i s  given i n  Table I V .  As a consequence of the  

nest ing of t he  energy ranges, t h e i r  r a t i o  goes through a 

maximum as t h e  spectrum goes monotonically from hard t o  s o f t .  

For an assumed power law spectrum t h e  m a x i m u m  r a t i o  i s  0.31; 

f o r  an exponential ,  0.41; and fo r  a Maxwellian, 0.45. Between 

L = 1 . 5  and L = 2.1 the  spectrum cannot be f i t t e d  by any of 

these  curves, as  t he  r a t i o  i s  too high. This f a c t  makes it 

d i f f i c u l t  t o  present  the  data ,  and it can be in t e rp re t ed  t o  

mean t h a t  t he  spectrum i s  highly curved i n  t h i s  region. 

The f igu re  shows t h a t  the-spectrum i s  almost constant 

along each l i n e  of force  and va r i e s  r ap id ly  between l i n e s .  It 

i s  very s o f t  a t  high L values and becomes harder a t  

lower L i n  keeping with the  ad iaba t ic  breakdown theor ies .  

If t h i s  model i s  adopted, Figure 30 can be used t o  

evaluate  the  c r i t i c a l  energy f o r  s t a b l e  t rapping.  The 

pos i t i on  of t h e  maximum f l u x  above a given energy i s  then 
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i n t e rp re t ed  as the  pos i t i on  where non-adiabatic l o s s e s  begin t o  

dominate over ad iaba t ic  l o s ses ,  and t h e  r e l a t ionsh ip  between t h e  

c r i t i c a l  L and E i s  

The exponent of 6.5 i n  t h i s  r e l a t ionsh ip  i s  higher than t h e  

exponent of 5.2 which McIlwain and P i z z e l l a  found f o r  t h e  L 

dependence of t h e i r  s p e c t r a l  parameter Eo, and t h i s  i n  t u r n  i s  

higher than the  value of 4 expected on t h e o r e t i c a l  grounds. 

As  t h i s  discrepancy i s  s izable ,  t h e  ad iaba t ic  breakdown theory 

i s  not supported on these  grounds. 

Comparing the  Relay I high energg proton spectrum with 

ad iaba t ic  breakdown theory produces an immediate contradict ion.  

The r a t i o  of two high energy channels i s  p l o t t e d  i n  Figure 32, 

and Table I V  again g ives  t h e  power l a w  in t e rp re t a t ion .  The 

spectrum i s  constant from L = 2.0 t o  2.5. It i s  s o f t e s t  a t  

L = 1.9 on the  equator and becomes much harder a t  lower L. 

From L = 1.9 t o  2.5 the  spectrum a c t u a l l y  becomes harder.  

This t r end  v i o l a t e s  t he  most fundamental r e s u l t  of t he  ad iaba t i c  

breakdown theor ies ,  t ha t  t h e  m a x i m u m  trapping energy should 



48 

decrease a t  higher a l t i t u d e s .  On t h e  b a s i s  of t h i s  da t a  one i s  

forced t o  conclude t h a t  some other process  con t ro l s  t he  energy 

spectrum of inner zone protons.  
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From December 1962 t o  September 1963 t h e  inner  zone proton 

b e l t  remained steady enough t o  permit a thorough mapping of t h e  

energy spectrum and s p a t i a l  d i s t r i b u t i o n  by t h e  SUI-UCSD equip- 

ment aboard Relay I. 

reach t h e i r  maximum i n t e n s i t i e s  a t  t h e  equator, and t h e  v a r i a t i o n  

Eight energy ranges from 1 . 1 t o  63 MeV 

away from t h e  equator on a l i n e  of fo rce  can be expressed as t h e  

t h i r d  or f o u r t h  power of 1/B. The d i s t r i b u t i o n  of high energy 

protons l i e s  c l o s e r  t o  t h e  ea r th  than t h a t  of l o w  energy 

protons,  and t h e  radial  distance t o  t h e  peak i n t e n s i t y  above 

an energy threshold E v a r i e s  as E'154. Low energy protons 

e x h i b i t  t h e  highest  i n t e n s i t i e s ,  i l l u s t r a t i v e  values  being 

3 ,  = 3.7 x 10 prot.ons ern see 

a t  L = 2.2 a t  t he  equator, and j 

sec 

6 -2 -1 s t e r - l  from 1.1 t o  1 4  MeV 

4 -2 

s ter- l  from 18.2 t o  25 MeV at L = 1.6 on t h e  equator.  

= 1.6 x 10 protons cm 

-1 

The Relay I measurements have been compared w i t h  seven 

other  experiments i n  t h e  same region of space from 1960 through 

1964 and t h e r e  i s  t y p i c a l l y  agreement within 50%. 

i n t e n s i t i e s  g r e a t e r  than th i s  have been observed by  both Relay I 

and Explorer VII, it i s  not safe t o  assume t h a t  t h e r e  have been 

As time 
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no changes i n  t h i s  period, and it may be t h a t  t h e  i n t e n s i t i e s  

r e t u r n  t o  t h e  sane l e v e l s  a f t e r  each change. I n  co r re l a t ing  

t h e  r e s u l t s  of many o ther  experiments, Relay I shows the  value 

of a comprehensive treatment of t h e  inner  zone. 

Neutron albedo sources, both cosmic r a y  and solar proton 

produced sources, a r e  too weak t o  produce the  i n t e n s i t i e s  of 

low energy protons.  A ca lcu la t ion  w i t h  CRAND shows a shortcoming 

by a f a c t o r  of over 1000, and SPAND appears too  weak by the  same 

f a c t o r .  Additionally,  t h e  energy spectrum and s p a t i a l  d i s t r i b u -  

t i o n  el iminates  SPAND as  a ma jo r  source.  

I n j e c t i o n  and d i f fus ion  of so la r  wind protons i s  considered 

as a poss ib le  source, and it is seen t h a t  t h e  dens i ty  of 

p a r t i c l e s  decreases as one approaches t h e  ear th ,  as expected. 

The mechanism of the  d i f fus ion  i s  unknown, and t h e  cons t r a in t s  

placed on the  d i f fus ing  p a r t i c l e s  may not be as simple as 

supposed. Spec i f ica l ly ,  d i f fus ion  constrained by preserva t ion  

of t he  f i rs t  two adiaba t ic  invar ian ts  can be reconci led w i t h  

t he  observations only by invoking an energy dependent l o s s  

process .  More t h e o r e t i c a l  work i s  needed t o  c l a r i f y  the  

expected r e s u l t s .  



Adiabatic breakdown theor ies  place an upper l i m i t  on t h e  

energy of protons which a r e  trappable i n  the  magnetic f i e l d ,  

and the  da t a  have been examined t o  evaluate  t h i s  as a con t ro l l i ng  

mechanism. The spectrum of low energy protons shows t h e  

q u a l i t a t i v e l y  expected t rend,  becoming harder a t  lower L values.  

However, t h e  cutoff  energy evaluated on t h i s  model shows the  

wrong L-dependence, varying as L 

L . Furthermore, t h e  energy spectrum of high energy protons 

con t r ad ic t s  t h i s  model conclusively,  t h e  spectrum a c t u a l l y  

becoming harder a t  higher L values. 

found t o  account f o r  the s p a t i a l  va r i a t ions  o f  t h e  trapped 

proton spectrum. 

r a t h e r  than t h e  pred ic ted  -6.5 

-4 

Other mechanisms must be 



TABLE I 

Summary of Detector Charac t e r i s t i c s  

Detector B 

Sensor : S i l i c o n  surface-barr ier  diode with deplet ion 
h 

d depth of 25 %/em . 

8.5 gm/cm2 brass i n  s i d e s  and back. 

1.115 mg/cm2 (air equivalent)  n i cke l  l i g h t  

s h i e l d  over look cone. 

2 Geometric f ac to r :  .0136 cm - s t e r  ( d i r e c t i o n a l ) .  

Shielding: 

Electronic  discr iminat ion levels: 

= 0.87 MeV 

B = 1 . 4 1  MeV 

B = 2.11 MeV 

B6 = 3.84 MeV 

Range one: 1.1 t o  1.6 MeV and 

Ba 
s 
Y 

Proton energy ranges: 

7.1 t o  14 MeV 

Range two: 1.6 t o  2.25 MeV and 

4.75 t o  7 .1  MeV 

Range three: 2.25 t o  4.7 MeV 
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TABLE I 
(continued) 

Detector C 

Sensors : Two s i l i c o n  L i - d r i f t  diodes w i t h  a c t i v e  
h 

depths of 107 and 132 mg/cmc, operated 

i n  coincidence. 
2 Geometric fac tor :  0.22 em s t e r  ( d i r e c t i o n a l ) .  

Electronic  discr iminat ion levels:  

C l d  = 0.75 MeV 

C1+ = 1.71 MeV 

C 1 ,  = 2.84 MeV 

C2, = 1.14 MeV 

C2+ = 2.04 MeV 

C2& = 3.53 MeV 

Proton energy ranges: 

Range one: 18.2 t o  25 MeV 

Range two: 25 t o  35 MeV 

Range three: 35 t o  63 MeV 

Di rec t iona l i t y  

These de t ec to r s  a r e  mounted perpendicular t o  t h e  sa te l l i t e  

s p i n  axis and are gated by a magnetometer t o  record data only 

when they p o i n t  wi th in  - + 10 degrees of t h e  plane perpendicular 

t o  t he  l o c a l  magnetic f i e l d  vector.  

t h e  f lux o f  l o c a l l y  mirroring p a r t i c l e s .  

Thus they measure jl, 
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TABLE I1 

Nominal Orb i t a l  Parameters of Relay I 

I n c l i n a t i o n  47.5 degrees 

Anomalistic Period 185 minutes 

Height of  Per igee 1.2 e a r t h  radii  

Height of Apogee 2.2 e a r t h  r a d i i  

Spin Rate 27 revolut ions/sec 

Date of Launch December 13, 1962 
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TABLE I11 

Supplementary Detector Charac t e r i s t i c s  

Detector A 

Sensor : 

Geometric fac tor :  

Shielding: 

Proton Range: 

Sensor: 

Geometric fac tor :  

Proton Range: 

0.9 cm sphere of p l a s t i c  s c i n t i l l a t o r  

0.33 cm omnidirectional 
2 1.3 gm/cm 

> 33.5 MeV 

2 

Al over one hemisphere 

Detector D 

0.25 cm cyl inder  of p l a s t i c  s c i n t i l l a t o r  

.OO27 cm - s t e r  d i r e c t i o n a l  

> 5.2 MeV 

2 
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TABU IV 

* n 

.2 

.4 

.6 

.8 
1.0 

1.2 

1.4 
1.6 
1.8 
2.0 

2.2 

2.4 
Q L  
L." 

2.8 

3.0 
3-4  
3-8 
4.2 
4.6 
5 *o 

.302 

.304 

305 
.292 
279 

.263 

.245 

.226 

.206 

.187 

.168 

.150 

. n 8  

.io5 
,081 
.062 

.036 

.027 

1 zz 
* - - / A  

.Ob7 

.61 
59 
57 
55 

- 53 
9 50 
.48 
.46 
.44 
.42 
.40 
38 

I36 

.34 
9 32 
29 

.26 
23 

.20 

.18 

* 
f o r  a spectrum of the form N ( > E) = . 



57 

BIBLIOGRAPHY 

Armstrong, A.  H., F. B. Harrison, H. H. Heckman, and L. Rosen, 

Charged p a r t i c l e s  i n  the  inner  Van Allen b e l t ,  

J. Geophys. Res., - 66, 351-357, 1961. 

Bame, S. J., J. P. Conner, H .  H. H i l l ,  and F. E. Holly, 

Protons i n  t h e  outer  zone of t h e  r a d i a t i o n  b e l t ,  

J. Geophys. Res., - 68, 55-63, 1963. 

Bostrom, C. O . ,  A. J. Zmuda, and G .  F. Pieper, Trapped protons 

i n  t h e  South A t l a n t i c  magnetic anomaly, July through 

December 1961. 2. Comparisons with Nerv and Relay I 

and discussion of t h e  energy spectrum, J. Geophys. Res., 

- 70, 2035-2044, 1965. 

Brown, W. L., L. W .  Davidson, and L. V. Medford, The ene rge t i c  

p a r t i c l e  environment of Relay I: B e l l  Telephone 

Laboratory experiment, B e l l  Telephone Laboratory, 

Summit, New Jersey, 1964. 

Brown, W. L., J. D. Gabbe, and W. Rosenzweig, Resul ts  of t h e  

Te l s t a r  r a d i a t i o n  experiments, The B e l l  System Technical 

Journal, - 42, No. 4, Par t  2, 1505-1559, July,  1963. 

Davis, Leverett ,  and D.  B. Chang, On t h e  e f f e c t  of geomagnetic 

f luc tua t ions  on trapped p a r t i c l e s ,  J. Geophys. Res., -, 67 
2169-2179, 1962. 

Davis, L. R.,  Low energy trapped protons and e l ec t rons ,  Proc. of  

t h e  Plasma Space Science Symposium, D. Reidel Pub. Co., 

Dordrecht, Holland, 1965 a. 



58 

Davis, L. R. ,  P r iva te  Communication, 1965 b 

Davis, L. R. ,  and J. M. Williamson, Low-energy trapped protons,  

Space Research 111, Proceedings of the  Third In t e rna t iona l  

Space Science Symposium, North-Holland Publishing Company, 

Amsterdam, 1963, pp. 365-375. 

Dearnally, G., Semiconductor counters f o r  nuclear  rad ia t ion ,  

Chapter 10, John Wiley, Inc. ,  New York, 1963. 

F i l l i u s ,  R.  W., S a t e l l i t e  instruments using s o l i d  s t a t e  de t ec to r s ,  

Research Report SUI 63-26, Department of Physics and 

Astronomy, The S ta t e  Universi ty  of Iowa, Iowa City, Iowa, 

1963 

F i l l i u s ,  R. W., and C. E. McIlwain, So l id  s t a t e  de t ec to r s  f o r  

inner  zone protons,  Space Research 111, Proceedings of 

t he  Third COSPAR Symposium, Washington, D. C. ,  April-May, 

1962, pp . 1122-1128, North-Holland Publ ishing Co., 

.. Y.U " A m c f e r i i a m  - --._. 
F i l l i u s ,  R. W., and C.  E. McIlwain, Anomalous energy spectrum of 

protons i n  t h e  e a r t h ' s  r ad ia t ion  b e l t ,  Phys. Rev. Le t t e r s ,  

- 12,  609-612, 1964. 

F i l l i u s ,  R .  W., and C. E. McIlwain, A survey of inner  space 

protons,  Department of Physics, Universi ty  of  Cal i forn ia  

San Diego, Apr i l ,  1965. 

Frank, L. A., J. A. Van Allen, and H. K. H i l l s ,  A s tudy of charged 

p a r t i c l e s  i n  the  e a r t h ' s  ou te r  r ad ia t ion  zone with 

Explorer 14, J. Geophys. Res., 69, 2171-2191, 1964. - 



59 

Frank, L. A . ,  J. A. Van Allen,  H. K. H i l l s ,  and R. W. F i l l i u s ,  

Proton and e l e c t r o n  i n t e n s i t i e s  i n  t h e  e a r t h ' s  ou te r  

r a d i a t i o n  zone: OGO 1, Abstract, Trans. Am. Geophys. 

Union, 46, p. 124, March, 1965. 

Freden, S. C., J. B. B l a k e ,  and G. A. Paulikas,  S p a t i a l  v a r i a t i o n s  

of t h e  inner  zone trapped proton spectrum, Aerospace 

Corporation, E l  Segundo, Cal i fornia ,  1965. 

Freden, S. C., and George A. Paulikas, Trapped protons a t  l o w  

a l t i t u d e s  i n  t h e  South Atlant ic  magnetic anomaly, 

J. Geophys. Res., - 69, 1259-1269, 1964. 

Freden, S. C., and R. Stephen White, Protons i n  t h e  e a r t h ' s  

magnetic f i e l d ,  Phys. Rev. L e t t e r s ,  - 3, 9-10, 1959. 
Haerendel, G.,  Protonen i m  Inneren Strahlungsgurtel ,  

F o r t s c h r i t t e  der Physik, - 12, 271-346, 1964. 

Hassitt,  A., A n  average atmosphere f o r  p a r t i c l e s  trapped i n  t h e  

eart .h '  s magnetic f i e l d ,  Research "neport, Departnznt ~f 
Physics, Universi ty  o f  Cal i fornia  San Diego, La Jo l l a ,  

Cal i fornia .  

Herlofson, N.,  Diffusion of p a r t i c l e s  i n  t h e  e a r t h ' s  r a d i a t i o n  

be l t s ,  Phys. Rev. Le t te rs ,  - 5, 414-416, 1960. 
Hess, W. N., E. H. Canfield, and R. E. Lingenfel ter ,  Cosmic-ray 

neutron demography, J. Geophys. Res., 66, 665-678, 1961. 

I m o f ,  W- Le, and R.  V. Smith, Proton i n t e n s i t i e s  and energy 

spectrums i n  t h e  inner Van Allen b e l t ,  J. Geophys. Res., 

- 69, 91-100, 1964. 



60 

Kellogg, P. J., Van Allen r ad ia t ion  of s o l a r  or ig in ,  Nature, m, 
1295, 1959. 

Krimigis, S. M., and J. A. Van Allen, Observations of geomagnetically 

trapped protons with Injun 4, Trans. AGU, 46, March, 1965, 
Abstract ,  p .  140. 

Lenchek, A. M., On the  anomalous component of low-energy 

geomagnetically trapped protons,  J. Geophys. Res., 3, 
2145-2168, 1962. 

Lingenfel ter ,  R. E., The cosmic-ray neutron leakage flux, 

J. Geophys. Res., - 68, 5633-5639, 1963. 

McIlwain, C. E., Coordinates f o r  mapping the  d i s t r i b u t i o n  of 

magnetically trapped p a r t i c l e s ,  J. Geophys. Res., E, 
3681-3691, 1961. 

McIlwain, C. E., The r a d i a t i o n  b e l t s ,  na tu ra l  and a r t i f i c i a l ,  

Science, I&, 355-361, October 18, 1963. 

McIlwain, C. E., Redis t r ibu t ion  o f  trapped protons during a 

magnetic storm, paper del ivered a t  1964 COSPAR symposium, 

Milan, I t a l y .  

McIlwain, C. E., P r iva te  Communication, 1965. 

McIlwain, C. E., R.  W. F i l l i u s ,  J. Valerio,  and A. Dave, 

Relay I trapped r ad ia t ion  measurements, NASA TN D-2516, 
December, 1964. 

Nakada, M. P., J. W. Dungey, and W. N. Hess, Theoret ical  s tud ie s  

of protons i n  the  outer  r a d i a t i o n  b e l t ,  Report X-640-44-110, 

NASA/GSFC, Greenbelt, Md. 



.* ' 
61 

I -  
Naugle, John E.,  and D. A. Kniffen, The f l u x  and energy spec t ra  

of the protons i n  the  inner Van Allen b e l t ,  J. Phys. SOC. 

Japan, 17, Supplement A-11,  1962, I n t e r n a t i o n a l  

Conference on Cosmic Rays and t h e  Earth Storm, Pa r t  II, 
118-122. 

Naugle, J. E., and D. A. Kniffen, Variat ions of t he  proton energy 

spectrum with pos i t ron  i n  t h e  inner  Van Allen b e l t ,  

J. Geophys. Res., - 68, 4065-4078, 1963. 

Parker, E.  N . ,  Geomagnetic f luc tua t ions  and the  form of the  outer  

zone of t h e  Van Allen rad ia t ion  b e l t ,  J. Geophys. Res., 

- 65, 3117-3130, 1960. 

Peterson, L. E., Radioact ivi ty  induced i n  N a  I by trapped 

protons, J. Geophys. Res., E,  1762-1765, 1965. 

P i zze l l a ,  G.,  C. E. McIlwain, and J. A. Van Allen, Time va r i a t ions  

of i n t e n s i t y  i n  t he  ea r th ' s  inner r a d i a t i o n  zone, 

October 1959 through December 1960, J. Geophys. Res., 9, 
1235-1253, 1962. 

Ray, E. C.,  On t h e  theory of protons trapped i n  t h e  ea r th '  s 

magnetic f i e l d ,  J. Geophys. Res., - 65, 1125-1134, 1960. 

Singer, S. F., Trapped albedo theory of t h e  r ad ia t ion  b e l t ,  

Phys. Rev. Le t t e r s ,  - 1, 181, 1959. 

Singer,  S. F., and A. M. Lenchek, Geomagnetically trapped rad ia t ion ,  

Progress i n  Elementary P a r t i c l e  and Cosmic Ray Physics, 

Vol. VT, North-Holland Publishing Co., Amsterdam, 1962. 



62 

Valerio,  J., Protons from 40 t o  110 MeV observed on Injun 3, 
J. Geophys. Res., - 69, 4949-4958, 1964. 

Van Allen,  J. A . ,  The geomagnetically-trapped corpuscular 

rad ia t ion ,  J. Geophys. Res., - 64, 1683-1689, 1959. 

Vernov, S. N.,  and A .  E. Chudakov, T e r r e s t r i a l  corpuscular 

r ad ia t ion  and cosmic rays, Space Research, Proceedings 

o f  t he  F i r s t  In te rna t iona l  Space Science Symposium, 
Nice, 1960, pp. 751-796, North-Holland Publishing Company, 

Amsterdam, 1960. 



’ : 

. .  63 

Method f o r  Computing a Gain-Shift  Correction 

Many samples of da t a  have shown t h a t  t he  b e s t  f i t  t o  the  

pulse height  spectrum i s  an exponential: 

where Hi i s  one of t he  discr iminat ion l e v e l s  

N ( > Hi) 

s i s  computed from the  da ta .  

i s  the  number of pu lses  above Hi 

I f  t h e  discr iminat ion l e v e l  i s  H and we want t o  know the  n m e r  i 

of pulses  above some nearby l e v e l  Hioj t h i s  i s  given by 

3 I n  using t h i s  formula we compute s from two nearby l e v e l s  H 

and %’ 



These formulas are  used t o  compute a cor rec t ion  t o  the  da ta  when 

the  de tec tor  gain has s h i f t e d  because of temperature o r  r a d i a t i o n  

damage. Then, 

H i s  the c a l i b r a t e d  discr iminat ion l e v e l  

Hi 

H .  and Hk 

i o  

i s  the s h i f t e d  l e v e l  

are  the two nearest  l e v e l s .  
J 
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FIGURE CAPTIONS 

Figure 1. Corrections t o  detector  B data .  

Figure 2. The i n t e n s i t y  on several  l i n e s  of force ,  1.1 t o  

14 MeV protons.  

Figure 3 .  The i n t e n s i t y  on several  l i n e s  of force,  1.6 t o  

7.1 MeV protons.  

Figure 4. The i n t e n s i t y  on several  l i n e s  of force ,  2.25 t o  

4.7 MeV protons.  

Figure 5. The i n t e n s i t y  on severa l  l i n e s  of force ,  18.2 t o  

25 MeV protons.  

Figure 6. The i n t e n s i t y  on several  l i n e s  of force ,  25 t o  

35 MeV protons.  

Figure 7. The i n t e n s i t y  on several  l i n e s  of force ,  35 t o  

63 MeV protons.  

Figure 8. The i n t e n s i t y  on severa l  l i n e s  of force,  18.2 t o  

63 MeV protons.  

Figure 9. 

Figure 10. 

Figure 11. 

Figure 12. 

Figure 13. 

Figure 14. 

Contour map i n  B, L space, 1.1 t o  14  MeV protons.  

Contour map i n  B, L space, 1.6 t o  7.1 MeV protons.  

Contour map i n  B, L space, 2.25 t o  4.7 MeV protons.  

Contour map i n  B, L space, 18.2 t o  25 MeV protons.  

Contour map i n  B, L space, 25 t o  35 MeV protons.  

Contour map i n  B, L space, 35 t o  63 MeV protons.  
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Figure 15. Contour map i n  B, L space, 18.2 t o  63 MeV protons.  

Figure 16. I n t e n s i t y  on l i n e s  of force ,  > 5.2 MeVprotons. 

Figure 17. I n t e n s i t y  on l i n e s  of  force,  > 34 MeV protons.  

Figure 18. Comparison of Relay I with NERV. 

Figure 19. Comparison of Relay I with Bame, Conner, H i l l ,  and 

Holly. 

Figure 20. Comparison of Relay I and Injun I. 

Figure 21. Comparison of Relay I with Freden, Blake, and 

Paulikas.  

Figure 22. Comparison of Relay I with BTL. 

Figure 23. Comparison of Relay I with Explorer XV. 

Figure 24. Comparison of Relay I with Davis protons.  

Figure 25. 

Figure 26. 

Figure 27. 

I n t e g r a l  energy spec t ra  on the  equator.  

D i f f e r e n t i a l  energy spectra s:: t he  eqcatnr. 

Density i n  phase space f o r  p a r t i c l e s  of J = 0 and 
- - 

constant  mu. 

Figure 28. S p a t i a l  d i s t r i b u t i o n s  f o r  s i x  ranges of protons i n  

R, A space. 

Figure 29. S p a t i a l  d i s t r i b u t i o n s  f o r  s i x  ranges of protons i n  

B, L space. 

Figure 30. Variat ions of the p o s i t i o n  of t h e  peak i n ' t h e  i n t e n s i t y  

p r o f i l e  with energy. 
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Figure 31. 

Figure 32. 

Contour map of spec t r a l  r a t i o  a t  l o w  energies.  

Contour map of spec t r a l  r a t i o  a t  high energies .  
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Figure 6 
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